Anterior cruciate ligament (ACL) injuries are common in sports and may require surgical reconstruction, with a lengthy rehabilitation before athletes can return to sports in the majority of cases.^[@bibr10-2325967119893758]^ Only one-third of patients can return to their preinjury level of competitive sports by 12 months after surgery,^[@bibr2-2325967119893758]^ and one-fourth to one-third of athletes will suffer a second ACL injury within 2 years.^[@bibr25-2325967119893758]^ Therefore, prevention may be the most effective way to address these issues. ACL injury mechanisms have been extensively investigated to develop effective injury prevention programs.^[@bibr1-2325967119893758],[@bibr11-2325967119893758],[@bibr20-2325967119893758],[@bibr32-2325967119893758]^ Recent in vitro simulations of drop landings reported that combined external loads of knee abduction moment (KAM), anterior tibial shear force (ATS), and internal tibial rotation moment (ITR) coupled with an impulsive axial force increased ACL strain and produced clinically relevant ACL injuries.^[@bibr5-2325967119893758],[@bibr7-2325967119893758],[@bibr14-2325967119893758],[@bibr15-2325967119893758],[@bibr17-2325967119893758],[@bibr27-2325967119893758][@bibr28-2325967119893758]--[@bibr29-2325967119893758]^ The clinical relevance of those in vitro studies was corroborated with the location of tibial plateau bone bruises and ACL injuries that related to clinical observations of noncontact in vivo ACL injuries. However, it remains unclear how these mixed loads result in internal knee forces or moments and what combination of internal knee kinetics causes an ACL injury.

These questions remain underinvestigated because internal forces cannot be measured during in vivo ACL injuries, which limits the understanding of the injury mechanism. Previous studies have investigated the interaction between external and internal loads with musculoskeletal models during a landing task.^[@bibr26-2325967119893758]^ However, these studies could not model the actual injury event. In vitro landing simulations can address these limitations, as the relationship between actual ACL ruptures and internal knee loads can be directly observed.

Principal component (PC) analysis (PCA) is an effective technique for the exploration of critical features in biomechanical data because it substantially reduces the number of variables needed to explain most of the variation between observations.^[@bibr8-2325967119893758]^ This method provides an objective characterization of waveform features that differ between participants. PCA of pooled biomechanical waveforms from multiple participants yields an orthogonal set of waveform features, called PCs, and a corresponding set of dimensionless PC scores for each participant.^[@bibr13-2325967119893758]^ Previous biomechanical studies have used PCA to detect differences in kinetic and kinematic waveforms through the interpretation of PCs between control and pathological groups.^[@bibr9-2325967119893758],[@bibr30-2325967119893758],[@bibr33-2325967119893758],[@bibr34-2325967119893758]^ This statistical method may clarify which features of internal knee kinetics are responsible for the reproduction of clinically relevant ACL injuries.

The purpose of this study was to explore the mechanical characterization that induces an ACL injury in cadaveric landing simulations using PCA and logistic regression analysis. According to previous studies, high ACL strain and ACL ruptures were observed with greater external loading in knee abduction.^[@bibr7-2325967119893758],[@bibr14-2325967119893758],[@bibr15-2325967119893758],[@bibr17-2325967119893758],[@bibr27-2325967119893758],[@bibr29-2325967119893758]^ This external loading condition induces an internal reaction moment in adduction. The hypothesis we tested was that the use of PCA and logistic regression analysis would describe the critical features of 6-axis kinetics that induce an ACL injury. Specifically, a larger internal knee adduction moment would be detected as a main factor of the high-risk kinetics that induce ACL injuries, and this high-risk kinetic feature would be found with the higher external loading condition of KAM.

Methods {#section1-2325967119893758}
=======

A total of 46 lower extremity cadaveric specimens were obtained from an anatomic donation program (Anatomy Gifts Registry). Specimens were between 14 and 50 years of age with no evidence of knee trauma, bone cancer, or knee surgery. Of these specimens, 6 were excluded from analysis because of structural weakness during setup (n = 2), substandard bone stiffness (n = 1), and equipment difficulties (n = 3). As the objective of this study required the precise identification of the ACL rupture event to conduct PCA, any specimens that experienced tissue failure that did not include an ACL rupture (n = 5), or for which the exact moment at which the rupture occurred was indeterminable from sensor data (n = 2), were excluded. Finally, 3 specimens were excluded because of minor deviations in the testing setup that did not influence ACL rupture outcomes but potentially could have confounded kinetic variables in ≥1 degrees of freedom (DOFs). Thus, there were 30 specimens that underwent the testing protocol and suffered an ACL rupture and were included in the final analysis (16 male \[8 left/8 right\]; 14 female \[8 left/6 right\]; mean age, 40.4 ± 8.8 years; mean weight, 80.7 ± 22.5 kg; mean height, 177.9 ± 49.5 cm).

All specimens were tested in the previously described mechanical impact simulator ([Figure 1](#fig1-2325967119893758){ref-type="fig"}).^[@bibr6-2325967119893758]^ For experimental preparation, the muscle tissue of the hamstring and quadriceps was removed, leaving the tendinous tissue intact, which was secured into wire clamps. The femur was resected 20 cm proximal to the tibiofemoral joint line and inversely mounted on the mechanical impactor to apply an impulsive ground-reaction force by dropping a 34-kg weight onto the bottom of the foot. At the femoral fixture, a 6-DOF load cell (Omega160 IP65/IP68; ATI Industrial Automation) was secured to measure the forces and moments at the knee joint. The long axis of the femur was aligned with the vertical axis (*z*-axis in [Figure 1A](#fig1-2325967119893758){ref-type="fig"}) of the 6-DOF load cell. The knee flexion angle was set to 25° to be consistent with the knee orientation at initial contact (IC) in young athletes landing from a drop height of 31 cm.^[@bibr4-2325967119893758]^ Pneumatic pistons (CG5LN40SV-100 and CG5LN50SV-100; SMC) mounted on the mechanical impactor were affixed to the tendon clamps to apply 450-N pretension to the quadriceps tendon and 225-N pretension to both hamstring tendon groups throughout testing. The magnitude of muscle forces was based on a previous report of maximum isometric voluntary contractions, and the force ratio between the quadriceps and hamstring muscles was kept at 1:1.^[@bibr6-2325967119893758]^ Furthermore, Willigenburg et al^[@bibr35-2325967119893758]^ reported peak healthy quadriceps torque in female athletes to be approximately 155 N·m. As 30 to 35 cm is a common range for tibial length on a dynamometer, the estimated force to generate this torque would be calculated as around 442 to 517 N. Similarly, peak hamstring torque was approximately 77 N·m, which would have estimated a generating force of around 220 to 256 N.

![(A) Custom-designed mechanical impact simulator to produce clinically relevant anterior cruciate ligament (ACL) ruptures; (B) cable pulley system to deliver pneumatically actuated loads to the quadriceps and hamstring tendons; and (C) external fixation frame to deliver pneumatically actuated knee abduction moment (KAM), anterior tibial shear force (ATS), and internal tibial rotation moment (ITR) loads. Knee internal kinetic data were measured with a 6-axis load cell fixed to the femur. Its coordinate system was transformed to the knee joint center and rotated to align the *z*-axis to the long axis of the tibia. This figure has been adapted from Kiapour et al.^[@bibr14-2325967119893758]^](10.1177_2325967119893758-fig1){#fig1-2325967119893758}

Moreover, we affixed 5 additional pneumatic actuators (MQQTL40TN-100DM and CG5LN80SV-100; SMC) to apply external loads of ATS, KAM, and ITR to the knee joint. The exact loads were applied to both left- and right-side specimens in a randomized fashion. In this study, these acronyms will be used to refer to the external loading conditions applied by the pneumatic actuators. The external loads were based on in vivo motion analysis data previously collected from a cohort of 44 athletes (mean age, 23.3 ± 4.1 years; mean weight, 72.6 ± 13.9 kg; mean height, 172 ± 10 cm) who had performed drop vertical jump tasks.^[@bibr6-2325967119893758]^ The ATS, KAM, and ITR during the in vivo drop vertical jump task were calculated using inverse dynamics. For each loading condition, loading percentiles ranged from the 0th to 200th percentiles of the observed population of the in vivo cohort. Designations for these percentiles were baseline risk (\<2nd percentile), low risk (∼33rd percentile), moderate risk (∼67th percentile), high risk (90th-100th percentile), and very high risk (200th percentile).

A total of 26 potential loading combinations were randomized and applied to each specimen ([Table 1](#table1-2325967119893758){ref-type="table"}). Those external loads were increased until specimen failure was induced. A differential variable reluctance transducer (DVRT; LORD MicroStrain) was implanted onto the distal third of the anteromedial bundle of the ACL to record ACL strain. Because the DVRT data show unreasonable behavior only on a trial in which the ACL ruptures, the DVRT was also used to detect the ACL rupture trials.^[@bibr7-2325967119893758]^ The time of peak ACL strain for ACL-intact trials was calculated to estimate the timing of an ACL rupture.^[@bibr28-2325967119893758]^

###### 

Combinations of Loading Conditions*^a^*

![](10.1177_2325967119893758-table1)

  Condition   KAM, N·m   ATS, N   ITR, N·m
  ----------- ---------- -------- ----------
  1           2.4        40       1.0
  2           2.4        40       9.7
  3           2.4        40       18.6
  4           2.4        40       53.7
  5           2.4        98       9.7
  6           2.4        98       18.6
  7           27.0       40       1.0
  8           27.0       40       9.7
  9           2.0        40       18.6
  10          27.0       40       53.7
  11          27.0       98       9.7
  12          27.0       98       18.6
  13          27.0       98       53.7
  14          53.6       40       1.0
  15          53.6       40       9.7
  16          53.6       40       18.6
  17          53.6       40       53.7
  18          53.6       98       9.7
  19          53.6       98       18.6
  20          53.6       98       53.7
  21          114.6      40       9.7
  22          114.6      40       18.6
  23          114.6      40       53.7
  24          114.6      98       9.7
  25          114.6      98       18.6
  26          114.6      98       53.7

*^a^*ATS, anterior tibial shear force; ITR, internal tibial rotation moment; KAM, knee abduction moment.

All data were collected at 10 kHz and low pass filtered using a fourth-order zero-lag Butterworth filter at 50 Hz. The cutoff frequency of 50 Hz was chosen to leave the true signal unaffected based on spectral analysis, which calculates the width of the frequency band that contained 99% of the power of the signal performed on the 6-DOF load cell data.^[@bibr36-2325967119893758]^ The coordinate system of the 6-DOF load cell data was transformed to the knee joint center, and the vertical axis was aligned to the long axis of the tibia with a 25° rotation to obtain the internal forces and moments on the tibia respective to the femur (ie, reaction forces and moments on the tibia from the femur: anteroposterior force, mediolateral force, inferosuperior force, abduction-adduction moment, extension-flexion moment, and internal-external rotation moment). Data processing was performed using a custom MATLAB code (version 2017b; MathWorks).

Data from the 6-DOF load cell were collected for a total of 1083 trials, including 30 ACL injury trials, and was used as inputs for PCA to identify the most critical features of the loading waveforms in ACL injury trials. Before PCA, the 6-DOF load cell data were trimmed from 25 milliseconds before IC to 75 milliseconds after IC and resampled to 101 time points, so as to start before the impulsive force was applied and end after peak ACL strain was reached; this was done to reduce the PCs that resulted from the PCA.^[@bibr15-2325967119893758],[@bibr16-2325967119893758]^ The 6-DOF load cell data from left- and right-side specimens were separately used to conduct PCA processing because of the mechanical design of the impact simulator. The 6-DOF load cell was placed at the bottom of the mechanical impactor and connected to the frame.^[@bibr6-2325967119893758]^ A slight clockwise rotational oscillation of the 6-DOF load cell was visually identified in the frontal plane when the impact occurred, regardless of the specimen side. This potentially could affect the 6-DOF load cell data between sides, although there were no significant differences in ACL strain or failure type between left- and right-side specimens.^[@bibr7-2325967119893758],[@bibr19-2325967119893758]^

The inputs for PCA consisted of 6-DOF waveform matrices composed of 525 trials × 606 data points and 558 trials × 606 data points for left- and right-side specimens, respectively. PCA was performed for each group after the data sets were normalized to the *z* score, a value divided by the standard deviation after subtracting the mean. Based on the broken-stick method,^[@bibr12-2325967119893758]^ 606 PCs were assessed for both the right- and left-side specimens. Of these, the 1st to 14th PCs were detected as significant and incorporated in logistic regression analysis for each side. Logistic regression analysis was performed to choose PCs that predict the ACL injury trials for left- and right-side groups separately. Waveforms that presented features of ACL injury trials were reconstructed using the PCs selected in logistic regression analysis as follows:
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where $\hat{x}$ (1 × 606) is the reconstructed waveform with *n* PCs selected in logistic regression analysis, *x* (1 × 606) is the mean waveform across all trials, *σ* (1 × 606) is the standard deviation to reconstruct unnormalized values from the *z* score, *u~k~* (1 × 606) is a loading vector that is a coefficient variable showing the pattern of variance in the selected *k*th PC,^[@bibr8-2325967119893758]^ and *s~k~* (1 × 606) is a high (95th percentile) or low (5th percentile) PC score for the *k*th PC, which indicates a high risk of ACL injury trials based on logistic regression analysis. The low- and high-risk kinetic waveforms were reconstructed on each DOF for left- and right-side specimens using the PCs selected in the corresponding logistic regression models (see the [Appendix](#app1-2325967119893758){ref-type="app"} for the interpretation of each individual PC). Spearman rank-order correlation coefficients were used to determine the relationships between the external loading conditions and the PCs included in the logistic regression model. PCA and corresponding data processing were performed using a custom MATLAB code, while logistic regression analysis and calculations for the Spearman rank-order correlation coefficients were performed with JMP (version 14; SAS Institute). Statistical significance was set at *P* \< .05.

Results {#section2-2325967119893758}
=======

For left-side specimens, the logistic regression model with 3 PCs was significant (*P* \< .001) and presented 63% sensitivity, 98% specificity, and an area under the receiver operating characteristic curve of 0.86 ([Figure 2A](#fig2-2325967119893758){ref-type="fig"}). The PCs that predicted an ACL injury were a low PC1 score (*P* \< .001), high PC3 score (*P* \< .001), and high PC9 score (*P* = .005). The scores for these 3 PCs during injury trials were significantly different (*P* \< .05) from the corresponding scores during intact trials except for PC9 ([Figure 3, A](#fig3-2325967119893758){ref-type="fig"} [](#fig3-2325967119893758){ref-type="fig"}-[C](#fig3-2325967119893758){ref-type="fig"}). PC1 explained 32.1% of the total variance of left-side specimens' 6-DOF kinetics (69.8% of the reconstructed waveform), and the PC1 score was negatively correlated with the KAM loading condition (ρ = --0.814; *P* \< .001) ([Table 2](#table2-2325967119893758){ref-type="table"}), meaning that high KAM trials presented low PC1 scores. The time of peak ACL strain for ACL-intact trials was 47.2 ± 7.8 milliseconds after IC.

![Receiver operating characteristic (ROC) curve from logistic regression analysis using principal components to predict anterior cruciate ligament injury trials for (A) left- and (B) right-side specimens. The areas under the ROC curve are 0.86 and 0.89 for left- and right-side specimens, respectively.](10.1177_2325967119893758-fig2){#fig2-2325967119893758}

![Left-side specimens. (A-C) Scatter plots comparing principal components (PCs) selected in logistic regression analysis between intact (dot) and injury trials (x) (A: PC1 vs PC3; B: PC3 vs PC9; C: PC9 vs PC1). The scores for these 3 PCs during injury trials were significantly different from the corresponding scores during intact trials except for PC9. The axis labels indicate the percentage of variance explained by each PC. (D-I) Mean (thin), high-risk (thick), and low-risk (dashed) kinetic waveforms reconstructed using the same 3 PCs. See the [Appendix](#app1-2325967119893758){ref-type="app"} for a visual reconstruction of the waveform from a single PC and its related interpretation. ABD-ADD, abduction-adduction; ACL, anterior cruciate ligament; AP, anteroposterior; EF, extension-flexion; IC, initial contact; IE, internal-external rotation; IS, inferosuperior; ML, mediolateral.](10.1177_2325967119893758-fig3){#fig3-2325967119893758}

###### 

Spearman Correlations Between External Loading Conditions and Principal Components (PCs) Selected in Logistic Regression Analysis*^a^*

![](10.1177_2325967119893758-table2)

                        KAM       ATS      ITR                          
  --------------------- --------- -------- --------- -------- --------- --------
  Left-side specimen                                                    
   PC1                  --0.814   \<.001   --0.382   \<.001   --0.390   \<.001
   PC3                  0.213     \<.001   0.175     \<.001   0.185     \<.001
   PC9                  --0.076   .081     --0.169   \<.001   --0.177   \<.001
  Right-side specimen                                                   
   PC1                  --0.827   \<.001   --0.376   \<.001   --0.396   \<.001
   PC5                  0.158     \<.001   0.111     .009     0.158     \<.001
   PC14                 --0.134   .002     0.009     .831     --0.017   .684

*^a^*ATS, anterior tibial shear force; ITR, internal tibial rotation moment; KAM, knee abduction moment.

For right-side specimens, the logistic regression model was significant (*P* \< .001) and presented 79% sensitivity, 96% specificity, and an area under the receiver operating characteristic curve of 0.89 ([Figure 2B](#fig2-2325967119893758){ref-type="fig"}). The included independent variables were a low PC1 score (*P* \< .001), high PC5 score (*P* = .003), and low PC14 score (*P* \< .001). The scores for these 3 PCs during injury trials were significantly different (*P* \< .05) from the corresponding scores during intact trials ([Figure 4](#fig4-2325967119893758){ref-type="fig"}, A-C). The KAM loading condition was significantly correlated with the PC1 score (ρ = --0.827; *P* \< .001) ([Table 2](#table2-2325967119893758){ref-type="table"}), which explained 33.1% of the total variance (81.9% of the reconstructed waveform). The time of peak ACL strain for ACL-intact trials was 41.1 ± 12.8 milliseconds after IC.

![Right-side specimens. (A-C) Scatter plots comparing principal components (PCs) selected in logistic regression analysis between intact (dot) and injury trials (x) (A: PC1 vs PC5; B: PC5 vs PC14; C: PC14 vs PC5). The scores for these 3 PCs during injury trials were significantly different from the corresponding scores during intact trials. The axis labels indicate the percentage of variance explained by each PC. (D-I) Mean (thin), high-risk (thick), and low-risk (dashed) kinetic waveforms reconstructed using the same 3 PCs. See the [Appendix](#app1-2325967119893758){ref-type="app"} for a visual reconstruction of the waveform from a single PC and its related interpretation. ABD-ADD, abduction-adduction; ACL, anterior cruciate ligament; AP, anteroposterior; EF, extension-flexion; IC, initial contact; IE, internal-external rotation; IS, inferosuperior; ML, mediolateral.](10.1177_2325967119893758-fig4){#fig4-2325967119893758}

Anteroposterior force demonstrated an increase in ATS between 0 and 10 milliseconds after impact and posterior tibial force in the later phase ([Figures 3D](#fig3-2325967119893758){ref-type="fig"} and [4D](#fig4-2325967119893758){ref-type="fig"}). Note that a taut ACL resists anterior tibial translation and induces posterior force on the tibia. High-risk waveforms showed a larger posterior tibial force before impact. After impact, both peak anterior and posterior forces were smaller in the high-risk waveforms compared with the low-risk waveforms. Both left- and right-side specimens presented a large lateral tibial force for high-risk waveforms ([Figures 3E](#fig3-2325967119893758){ref-type="fig"} and [4E](#fig4-2325967119893758){ref-type="fig"}). Inferosuperior force in the high-risk waveforms showed a smaller compressive force compared with the low-risk waveforms for both left- and right-side specimens ([Figures 3F](#fig3-2325967119893758){ref-type="fig"} and [4F](#fig4-2325967119893758){ref-type="fig"}).

The impact induced an internal adduction moment for left-side specimens and an abduction moment for right-side specimens ([Figures 3G](#fig3-2325967119893758){ref-type="fig"} and [4G](#fig4-2325967119893758){ref-type="fig"}). This internal moment was a reaction force on the tibia from the femur. The high-risk waveforms showed a larger internal adduction moment before and after impact. The extension-flexion moment showed an internal flexion moment immediately after impact and then turned into an internal extension moment ([Figures 3H](#fig3-2325967119893758){ref-type="fig"} and [4H](#fig4-2325967119893758){ref-type="fig"}). The high-risk waveforms demonstrated a smaller internal extension moment from 20 to 50 milliseconds after impact. For the internal-external rotation moment, the impact induced an external tibial rotation moment on the tibia for left-side specimens and ITR for right-side specimens. The difference between high- and low-risk waveforms was smaller than what was observed in the other DOFs ([Figure 3I](#fig3-2325967119893758){ref-type="fig"} and [4I](#fig4-2325967119893758){ref-type="fig"}).

Discussion {#section3-2325967119893758}
==========

PCA was performed on 6-DOF knee kinetics measured in a cadaveric model that produced clinically relevant ACL injuries. Our primary hypothesis was that PCA would detect a larger internal knee adduction moment as a risk of ACL injuries and that this high-risk kinetic feature would be found when a higher KAM was applied. Briefly, the knee kinetic features of ACL injury trials were a smaller peak ATS, smaller peak posterior tibial force, larger lateral tibial force, smaller compressive force, and larger knee adduction moment. These kinetic data were induced with higher magnitude loading conditions, especially with the KAM loading condition, and the a priori hypothesis was supported.

In this study, PCA was used to identify the critical features that systematically describe the variability in knee kinetic data across simulated landing trials. PC scores from the significant modes of variation were used as independent variables for logistic regression analysis to isolate the kinetic features predictive of ACL injury trials. As reported in previous studies,^[@bibr7-2325967119893758],[@bibr14-2325967119893758],[@bibr15-2325967119893758],[@bibr17-2325967119893758],[@bibr27-2325967119893758],[@bibr29-2325967119893758]^ an ACL injury was associated with externally applied KAM loading. The present study enhanced our understanding of the injury mechanism associated with a large KAM by showing the features of 6-DOF internal knee loads in the clinically relevant ACL injury, which to our knowledge has not been done before. In particular, a larger internal lateral tibial force in ACL injury trials has never been reported in previous studies.

The effects of external loading conditions on injurious kinetics were largely consistent in left- and right-side specimens. The internal ATS that immediately followed impact was motivated by the sudden increase in compressive force caused by the impact, which produced a contact force on the tibia that was partially directed anteriorly because of the posterior tibial slope.^[@bibr21-2325967119893758],[@bibr22-2325967119893758]^ The increased internal ATS tensioned the ACL, which produced the internal posterior tibial force that was observed between 25 and 50 milliseconds after IC ([Figures 3D](#fig3-2325967119893758){ref-type="fig"} and [4D](#fig4-2325967119893758){ref-type="fig"}). The larger internal posterior force before impact indicates that the pneumatically applied external loads tensioned the ACL in the injury trials more than intact trials before impact ([Figure 5](#fig5-2325967119893758){ref-type="fig"}). This interpretation is supported by the correlation between KAM and PC1 (the high-risk waveform was mostly derived from PC1). A large KAM increases the contact force on the posterior part of the lateral tibial plateau, where the posterior slope is steeper (the slope angle is not constant; it becomes steeper on the posterior aspect of the tibia), exacerbating the effect of the posterior slope.^[@bibr23-2325967119893758]^ The decrease in peak internal posterior tibial force observed further from impulse delivery can be attributed to an ACL rupture, which occurred around 45 milliseconds after IC and removed the ligament-provided posterior pull on the tibia. These results indicated that a part of the force in the ACL was produced by the internal ATS induced by the impulsive compressive force on the posterior tibial slope ([Figure 5](#fig5-2325967119893758){ref-type="fig"}). This finding explains the mechanical contribution of high-impact forces to ACL injuries.

![Schematic of injury mechanism. (Left) External loading of anterior tibial shear force (ATS) and compressive force on the posterior tibial slope induces an internal ATS and tensions the anterior cruciate ligament (ACL), which pulls the tibia posteriorly. (Right) External loading of knee abduction moment (KAM) induces an internal lateral tibial force, which may distort the femoral insertion of the ACL. KAM loads induce compression force on the lateral compartment and medial collateral ligament (MCL) tensile force that produce an internal knee adduction moment.](10.1177_2325967119893758-fig5){#fig5-2325967119893758}

For mediolateral force, there was a large internal lateral tibial force before and after impact for the high-risk waveforms ([Figures 3E](#fig3-2325967119893758){ref-type="fig"} and [4E](#fig4-2325967119893758){ref-type="fig"}). This result was consistent with a previous study that demonstrated that compressive force induced medial translation of the femur relative to the tibia (ie, lateral tibial translation relative to the femur).^[@bibr22-2325967119893758]^ To our knowledge, there is little evidence related to the effect of internal lateral tibial force on ACL strain. Woo et al^[@bibr37-2325967119893758]^ indicated that mediolateral alignment of the tibia relative to the femur affected the ultimate load of the ACL in a tensile test. Specifically, when the tibia translates laterally and posteriorly relative to the femur, the anatomic angle of the ACL insertion on the bone is distorted and results in lower ultimate loads and higher rates of failure at the insertion, compared with when the ACL is tensioned along with the long axis of the ACL. The failure site in the present study primarily occurred on the femoral side, which is consistent with clinical populations.^[@bibr7-2325967119893758]^ The higher internal lateral tibial force may distort the femoral insertion of the ACL and induce ACL injuries under a lower internal ATS ([Figure 5](#fig5-2325967119893758){ref-type="fig"}). This distorted condition was likely caused by high KAM loading, as indicated by the significant correlations between PC1 and the KAM loading condition ([Table 2](#table2-2325967119893758){ref-type="table"}).

Notch impingement with an internal lateral tibial force would be another mechanism to increase ACL loads. However, notch impingement occurs with knee abduction and external rotation.^[@bibr24-2325967119893758]^ KAM and ITR loads applied in this study would induce internal (as opposed to external) tibial rotation because of the posterior tibial slope on the lateral compartment.^[@bibr18-2325967119893758],[@bibr23-2325967119893758]^ Further, as noted in the literature on our methodology, notchplasty was performed on our specimens to remove bone tissue from the inner wall of the femoral notch and subsequently prevent impingement of the implanted DVRT.^[@bibr6-2325967119893758]^ These facts indicated that intercondylar notch impingement would have been an unlikely mechanism of ACL injuries in this study.

Inferosuperior force of the high-risk waveforms showed that ACL injury trials presented a smaller compressive force ([Figures 3F](#fig3-2325967119893758){ref-type="fig"} and [4F](#fig4-2325967119893758){ref-type="fig"}). In the trials with a lower KAM, the leg was vertically aligned throughout testing and presented a higher compressive force. However, when a high KAM was applied, the knee was abducted, and the foot of the specimen slid laterally from the mounted position, which may have allowed some of the impact force to transfer to an external KAM rather than pure compressive force. This behavior would have resulted in decreased compressive forces. Although decreased compressive forces were observed in the injurious waveforms, all the ACL ruptures were induced under impulsive compression but not during the application of external loading. As a previous study reported, increased compressive forces induce higher ACL strain.^[@bibr27-2325967119893758]^ Articular cartilage possibly was deformed by compressive force that would bring tibial and femoral ACL insertions into closer proximity. However, 1.69 to 2.55 mm of cartilage thickness was reported in a previous study,^[@bibr31-2325967119893758]^ and the space shortening relative to the ACL length would be limited. This fact indicated that an ACL rupture was enhanced under KAM loading even with the decreased compressive force.

The impact increased internal adduction moment for left-side specimens and abduction moment for right-side specimens ([Figures 3G](#fig3-2325967119893758){ref-type="fig"} and 4G). This side-to-side difference might be motivated by the oscillation of the 6-DOF load cell that was attached to the impact simulator frame. Although the 6-DOF load cell was rigidly suspended, its attachment point was designed to have rotational capability to adjust for specimen-specific tibial alignment during setup.^[@bibr6-2325967119893758]^ This feature could have induced some oscillation upon impact, as the load cell was not directly grounded to the floor. However, the high-risk waveforms presented consistent changes with respect to low-risk waveforms for the 2 sides. There was a larger adduction moment before impact because of high KAM loading and a larger internal adduction moment after impact for left-side specimens (smaller internal abduction moment for right-side specimens). The hypothesis that the high-risk waveforms generate a larger internal adduction moment was partially supported by the results. Internal knee adduction moment may result from contact forces on the lateral tibial plateau and medial collateral ligament force. Contact force on the lateral compartment induces anterior tibial translation and internal tibial rotation.^[@bibr18-2325967119893758]^ The injurious internal ATS can be enhanced via this mechanism.

ACL rupture events may have influenced the extension-flexion moment, as the internal posterior tibial force decreased after a rupture. Immediate anterior tibial translation was visually identified for ACL injury trials, which can induce an internal flexion moment (external extension moment) at the knee joint center and justify the decrease in the internal extension moment around the time of the rupture event ([Figures 3H](#fig3-2325967119893758){ref-type="fig"} and [4H](#fig4-2325967119893758){ref-type="fig"}). The internal-external rotation moment showed smaller differences between high- and low-risk waveforms ([Figures 3I](#fig3-2325967119893758){ref-type="fig"} and [4I](#fig4-2325967119893758){ref-type="fig"}). Inverted waveforms between left- and right-side specimens were observed for the internal-external rotation moment. This may be related to the mechanical design of 6-DOF load cell fixation to the mechanical impact simulator apparatus that invoked a clockwise oscillation upon impulse delivery. While the oscillation was consistent between limbs, the rotational orientation of the *z*-axis was opposite between left and right sides.

A limitation of this study was that constant muscle forces were applied throughout each simulation; therefore, the effect of varied muscle loading was not investigated. The mechanical impact simulator was designed to apply in vivo kinetics from a drop vertical jump task to in vitro simulations of a drop landing. Because there were no ACL injuries during the in vivo drop vertical jump trials, the simulation of the muscle forces generated in vivo may serve to protect the ACL from kinetics that would otherwise be injurious. This concept will be explored in future work. In addition, the effect of varying drop weights was not tested in this study, as a previous study reported that larger compressive loads increase ACL strain.^[@bibr27-2325967119893758]^ This uniform weight, and consequent impulse force, may be another reason that a large compressive load was not detected in the injurious waveforms. Finally, the femur was rigidly fixed to the load cell, and this might have limited the ability of knee extension/flexion that influences ACL strain, although knee extension/flexion was not constrained.^[@bibr3-2325967119893758]^ Hyperextension has previously been shown to cause high strain/loading in the ACL, but our testing protocol did not evaluate this injury mechanism.

Conclusion {#section4-2325967119893758}
==========

PCA was performed on 6-DOF knee kinetic data measured in a cadaveric model that produced clinically relevant ACL injuries. The waveforms reconstructed with the PCs selected by logistic regression analysis showed that ACL injury trials presented characteristic internal knee load features that were different compared with intact trials. Specifically, a smaller peak ATS, smaller peak posterior tibial force, larger lateral tibial force, smaller compressive force, and larger internal knee adduction moment were observed during ACL injury trials. These internal kinetic data were produced by larger external loading conditions, especially when a large KAM was applied. An ACL rupture was caused under ATS, and the rupture was facilitated by internal knee adduction moment and lateral tibial force that distorted the ACL at its femoral insertion site. The ACL injury mechanism explained in this study may help target injury prevention programs to decrease injurious knee loading (KAM, ATS, and lateral tibial force) during landing tasks.
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![Mean (thin), high-risk (thick), and low-risk (dashed) kinetic waveforms reconstructed from left-side specimen PC1. Among the features of a reconstructed waveform using all of the 3 principal components, the high-risk waveform in PC1 shows a larger internal posterior tibial force before impact, decreased internal anterior tibial shear force immediately after impact, larger internal lateral tibial force before and immediately after impact, decreased compressive force, larger internal knee adduction moment throughout testing, and decreased internal knee extension moment around the time of the rupture event. The range of IE moments was also decreased in the high-risk waveform. Those kinetic features were induced under higher external loading conditions, especially knee abduction moment according to the results of Pearson correlations. However, the decreased rotation moment in the high-risk waveform was canceled out by integrating PC9. ABD-ADD, abduction-adduction; ACL, anterior cruciate ligament; AP, anteroposterior; EF, extension-flexion; IC, initial contact; IE, internal-external rotation; IS, inferosuperior; ML, mediolateral.](10.1177_2325967119893758-fig6){#fig6-2325967119893758}

![Mean (thin), high-risk (thick), and low-risk (dashed) kinetic waveforms reconstructed from left-side specimen PC3. The high-risk waveform reconstructed from PC3 was induced by higher external loading conditions that showed similar but faster waveforms compared with that of PC1 for AP force, ML force, and IS force. However, opposite waveform patterns were described for ABD-ADD moment, EF moment, and IE moment. Integrating those waveforms, the features of high-risk waveforms for forces were slightly enhanced and made faster, but the features for moments were diminished. In addition, the same feature of decreased internal posterior force around the time of the rupture event shown in [Figure 3D](#fig3-2325967119893758){ref-type="fig"} can be found in this PC3. ABD-ADD, abduction-adduction; ACL, anterior cruciate ligament; AP, anteroposterior; EF, extension-flexion; IC, initial contact; IE, internal-external rotation; IS, inferosuperior; ML, mediolateral.](10.1177_2325967119893758-fig7){#fig7-2325967119893758}

![Mean (thin), high-risk (thick), and low-risk (dashed) kinetic waveforms reconstructed from left-side specimen PC9. Negative correlations between PC9 and external loading conditions explain that the high-risk waveform in PC9 was induced under lower external loading conditions because a high PC9 score was included in the logistic regression model. For the effect of external loading on IE moments, it is consistent with PC1 that higher external loading conditions decreased the range of IE moments. PC9 might be included in the logistic regression model to adjust the decreased IE moment in PC1 for the prediction of ACL injury trials. ABD-ADD, abduction-adduction; ACL, anterior cruciate ligament; AP, anteroposterior; EF, extension-flexion; IC, initial contact; IE, internal-external rotation; IS, inferosuperior; ML, mediolateral.](10.1177_2325967119893758-fig8){#fig8-2325967119893758}

![Mean (thin), high-risk (thick), and low-risk (dashed) kinetic waveforms reconstructed from right-side specimen PC1. PC1 explains 81.9% of the reconstructed waveforms from all of the 3 principal components. Similar to left-side specimens, higher external loading conditions, especially knee abduction moment, induced high-risk waveforms in PC1. ABD-ADD, abduction-adduction; ACL, anterior cruciate ligament; AP, anteroposterior; EF, extension-flexion; IC, initial contact; IE, internal-external rotation; IS, inferosuperior; ML, mediolateral.](10.1177_2325967119893758-fig9){#fig9-2325967119893758}

![Mean (thin), high-risk (thick), and low-risk (dashed) kinetic waveforms reconstructed from right-side specimen PC5. The effect of PC5 on integrated waveforms was smaller compared with PC1. The main features of PC5 were a smaller internal lateral tibial force and larger internal knee abduction moment after impact that were opposite to the high-risk waveform in PC1. These features might be included in the logistic regression model to adjust the large internal lateral tibial force and small internal knee adduction moment in PC1 as in left-side specimen PC9. ABD-ADD, abduction-adduction; ACL, anterior cruciate ligament; AP, anteroposterior; EF, extension-flexion; IC, initial contact; IE, internal-external rotation; IS, inferosuperior; ML, mediolateral.](10.1177_2325967119893758-fig10){#fig10-2325967119893758}

![Mean (thin), high-risk (thick), and low-risk (dashed) kinetic waveforms reconstructed from right-side specimen PC14. The prime feature of PC14 was a decreased internal posterior tibial shear force around the time of the ACL rupture that enhanced the feature of high-risk waveforms in [Figure 4D](#fig4-2325967119893758){ref-type="fig"} in the main text. ABD-ADD, abduction-adduction; ACL, anterior cruciate ligament; AP, anteroposterior; EF, extension-flexion; IC, initial contact; IE, internal-external rotation; IS, inferosuperior; ML, mediolateral.](10.1177_2325967119893758-fig11){#fig11-2325967119893758}
